Layered paper-oil insulation is used in several types of HVDC equipment. In order to better understand breakdown mechanisms and optimize the design, it is important to understand the electric field distribution in the insulation. In the present work, a test object with such insulation has been modeled as a series connection of oil and impregnated paper. The permittivity, conductivity, and the dielectric response function has been measured for impregnated paper and oil separately and used as parameters in a dielectric response model for the layered insulation system. A system of differential equations has been established describing the voltages across each material, i.e. across each layer of the test object. These equations have been solved considering a DC step voltage across the whole test object. Based on this, the time-dependent electric field in each material as well as the time-dependent polarization current density in the test object have been calculated. The calculated polarization current density was found to agree well with the measured polarization current density of the test object. This indicates that application of dielectric response theory gives a good estimate of the time-dependent electric field distribution in layered insulation systems. The results show that 90 % of the change from initial values to steady-state values for the electric fields has occurred within the first 35 minutes after the voltage step. This applies to the electric fields in both of the materials of the examined test object at a temperature of 323 K.
Introduction
Layered paper-oil insulation is used in several types of high voltage direct current (HVDC) equipment, such as massimpregnated subsea HVDC cables and HVDC transformers. Such insulation consists of sections of oil-impregnated paper and oil-filled gaps between those sections. The impregnated paper sections and the oil gaps constitute a series connection, and the impregnated paper and the oil have different electric properties. Therefore, the electric field in the impregnated paper is different from that in the oil gaps, and the electric fields in both these materials vary with time. Knowledge about how the electric field is distributed between the materials and how this varies with time is important for optimizing the design and operational limits of such layered insulation systems.
It has previously been reported that dielectric response theory can be used to describe paper-oil or pressboard-oil systems. Frimpong et al. [1] have used linear dielectric response theory to calculate polarization current and recovery voltage in such multilayered paper-oil insulation. Gäfvert et al. [2] have used the same theory to calculate return voltages in a pressboard-oil system. In both works, the calculated values were found to agree with results from measurements.
Dielectric response theory can also be used to calculate the electric field in the different layers of such insulation [2] , [3] . The permittivities, conductivities, dielectric response functions, and thicknesses for the different materials, as well as the applied voltage, are inputs to such calculations. In this work, we consider a layered test object consisting of impregnated paper in series connection with oil. The permittivity, conductivity, and dielectric response functions are measured for each material separately. Based on these measurements, the transient and steady-state electric fields caused by a step voltage across the layered test object are calculated. Moreover, the polarization current resulting from these electric fields is calculated and compared with the measured polarization current in the layered test object.
The term "paper" is used instead of "impregnated paper" to simplify the notation in this work. The paper (i.e. impregnated paper) is considered a homogeneous material. This means that the fibrous structure of the paper is disregarded. Likewise, the interstices that form between the uneven surfaces of paper sheets are disregarded. Thus the electrical properties of paper are a combination of the properties of paper fibers and oil.
Theory

Dielectric Response Function and Conductivity
In a homogeneous material where the polarization is linear with respect to the electric field, the total current density J(t) can be written as [2] , [4] 
where σ is the conductivity, E is the electric field, ε0 is the vacuum permittivity, ε is the permittivity at a high frequency, t is time, f is the dielectric response function, and ξ is an integration variable with dimension time. The high-frequency relative permittivity εr = ε / ε0 contains information about the fast polarization processes, and the dielectric response function contains information about the slow polarization processes.
A step voltage of magnitude U0 across a single material of thickness d creates a step field E0 = U0 / d in that material. The total current resulting from the step voltage is called a "polarization current". In this case, (1) then becomes [5] 26th Nordic Insulation Symposium on Materials, Components and Diagnostics (NORD-IS 19), Tampere, Finland, 2019
Note that "polarization current" here is defined to include contribution both from conduction processes and polarization processes, and thus it is the current measurable in an external circuit. Since f(t) → 0 when t → ∞, the conductivity σ can be determined from (2) and current measurements at large times where f(t) is practically zero. If the voltage is set to zero again (grounded) at t = tgnd when f(t) has decayed to practically zero, a "depolarization current" results, and (1) becomes
This provides an alternative way of estimating the conductivity [4] :
The maximum available value of t should be used for such estimations.
Once the conductivity is known, the dielectric response function can be found from (2) or (3) and current measurements after application of a step voltage.
Electric Fields in Layered Insulation Systems
A layered insulation system consisting of two homogeneous insulation materials "a" and "b" is here modeled as a series connection. The sum of the thickness of all the layers of a particular material is denoted da or db, with index according to the material. If da, db, and the applied voltage U across the series connection are known, the electric field in the one material can be determined from the other by using the relation 
It is henceforth assumed that a DC step voltage of magnitude U0 is applied across the series connection at t = 0. The electric field in material "b" immediately after the step
As t approaches infinity, Eb approaches a steady-state value [6] 
The time-dependent electric field from t = 0 to steady-state can be calculated taking slow polarization mechanisms, represented by dielectric response functions, into account. It is assumed that the dielectric response function for material k can be expressed as a sum of exponential functions,
with Ai,k and τi,k being constants. This allows for the series connection to be represented by an equivalent circuit ( Figure 1 ) whose potentials can be analyzed in order to calculate the electric fields. The circuit parameters are as follows, with S being the effective area of each layer of insulation [4] , [7] :
Since the ground potential is zero,
Thus, if the potential Vb(t) is known, the electric fields in both materials can be computed from (13) and (5) . A system of ordinary differential equations for the potentials can be derived from the equivalent circuit by using Kirchhoff's current law [3] :
Note that R0, a and R0, b are functions of Vb(t) if the conductivities are dependent on the electric field. The initial values are as follows [3] 
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The system of equations (14) through (16) can be solved for Vb(t), Vi(t), and vi(t) as an initial value problem, for example by Runge-Kutta methods. Subsequently, the electric fields can be computed using (13) and (5) .
Finally, the polarization current I(t) = S J(t), which can be measured in an external circuit, can be calculated. This can be done by using either (1) 
Method
General
Polarization and depolarization currents were measured in paper samples and oil samples. The conductivity in paper σpap and that in oil σoil were determined from the results together with (4). The dielectric response function for paper fpap(t) and that for oil foil(t) were determined from the polarization currents together with (2) . The dielectric response functions were curve fitted to (8) using the procedure described in [8] . Permittivities at 1 kHz were measured using a hand-held capacitance meter (Agilent U1732C).
The permittivities, conductivities, and dielectric response functions were used to determine the circuit parameters (9) through (12) . The circuit parameters were subsequently used to calculate the time-dependent electric fields and polarization current density in a "series connection sample" of paper and oil subjected to a 30.6 kV step voltage. Measured values of the polarization current density in the series connection sample were compared with the calculated values.
Samples and Electrodes
1) Paper Samples
Paper samples were made from stacks of electrotechnical Kraft paper sheets, each sheet having a nominal thickness of 90 µm. The stacks were dried at 373-393 K in vacuum for two days and subsequently impregnated at approximately the same temperature. The impregnant was a high-viscosity cable impregnation oil ("mass"). The measurement electrode was circular with an effective measuring area of 49 cm 2 . It was encircled by a guard electrode.
2) Oil Samples
A 1 mm thick polytetrafluoroethylene spacer ring was placed between brass electrodes that were submerged in oil. The oil was the same as was used as impregnant in the paper samples. This created an approximately 1 mm oil gap between the electrodes. Such oil gaps are hereafter called "oil samples". The measurement electrode was the same as was used for the paper samples.
3) Series Connection Sample
The series connection sample was made in the same way as the paper samples, but a disc-shaped central spacer and an annulus-shaped peripheral spacer were inserted concentrically in the middle of the stack before impregnation (Figure 2 ). Both spacers were made of paper sheets that were glued together. The measuring electrode system consisted of a disk-shaped central guard electrode, encircled by a 32 cm 2 annulus-shaped measuring electrode, again encircled by an annulus-shaped peripheral guard electrode [9] . The guards aligned with the spacers.
The thicknesses of the paper samples and the series connection sample were difficult to measure because of variations due to handling. Average values from several measurements were used for the calculations and are showed in Table 1 .
Circuit and Measurement Procedure
The measurement circuit is shown in Figure 2 . Resistors were used to protect the picoammeter against possible accidental currents. After initially being connected to ground via the 10 kΩ resistor, Switch 1 connected to the DC voltage source via the 500 kΩ resistor. This created a voltage step across the test object. After reaching steady-state current, the sample was abruptly grounded by connecting Switch 1 to the 10 kΩ again. This created a step from voltage on to voltage off. During all switching and for one second afterwards, Switch 2 was closed in order to protect the picoammeter against the large initial, capacitive currents.
The paper samples and the oil samples were subjected to various step voltages while the resulting polarization and depolarization currents were measured. For the paper samples, the voltages were between 0.2 kV and 27 kV. For the oil samples, the voltages were between 0.3 kV and 7 kV. The series 
Numerical Procedure
The time-dependent electric fields in the series connection sample were estimated by solving the differential equations system (14) through (19) for Vm(t), Vi(t), and vi(t). The differential equations system was solved with the "ode45" function [10] of the "Matlab" software, version R2017a (The MathWorks, Inc., 1 Apple Hill Drive, Natick, MA 01760-2098, USA). The current was subsequently estimated from (20) and converted to a current density by applying the relation J = I / S, where S is the effective area of the electrodes.
Results
The average relative permittivity was 3.39 for paper and 2.25 for oil. These values were used to determine circuit parameters of Figure 1 .
The conductivity of paper ( Figure 3 ) ranged between 0.93 × 10 -14 S/m and 2.6 × 10 -14 S/m, and was curve fitted to σpap = σ0 exp(η Epap) with σ0 = 8.61 × 10 -15 S/m and η = 0.0280 mm/kV from Epap = 5 kV/mm and above. Such an exponential field-dependence is normal for the conductivity of paper [11] . The curve fitted relation was used to determine circuit parameters of Figure 1 .
The conductivity of oil ( Figure 3 ) did not show any significant correlation with the electric field. It ranged between 0.32 × 10 -13 S/m and 1.6 × 10 -13 S/m, and the average value of 0.841 × 10 -13 S/m was used to determine circuit parameters of Figure 1 . Figure 4 shows typical dielectric response functions that were obtained from measurements of polarization currents and curve fitted as described above. Values before t = 1 s are from extrapolations based on the curve fittings. These dielectric response functions were used to determine circuit parameters of Figure 1 .
The calculated electric fields in paper and oil in the series connection are shown in Figure 5 . 90 % of the change from the initial to the steady-state electric field had taken place, i.e. E(t) -E(0 + ) = 0.9 [E(∞) -E(0 + )], at t = 2102 s = 35 minutes. This applies to both materials. The electric fields was then 18.8 kV/mm in the paper and 4.72 kV/mm in the oil. Figure 6 show that the calculated polarization current density Jcalc was within ± 6 % of the measured polarization current density Jmeas during the period from t = 5 s to t = 750 s. The deviation was larger before and after this period, but Jcalc was always within ± 30 % of Jmeas. For Jcalc, 90 % of the change from the initial (t = 0 + ) to the steadystate value had occurred when t = 272 s = 4.5 min. 
Results presented in
Discussion
Since the electric fields and the polarization current density approach their steady-state values asymptotically, the time from t = 0 to steady-state is theoretically infinite. Therefore, it is convenient to define the "approximate steady-state" to be when 90 % (or any other suitable percentage) of the change from the initial value to the asymptotic value has occurred. It can be shown from (5) that the approximate steady-state is reached simultaneously by the two materials. However, using the 90-%definition, the calculated electric fields in the present study need more than seven times as long time to reach the approximate steady-state than the calculated polarization current density does.
If the dielectric response function was zero for both materials and the conductivities were constant, it would have taken equally long time for the electric fields and the polarization current density to reach approximate steady-state. This can be deduced from the fact that the change ΔE(t) = E(t) -E(0 + ) in any of the materials would have been proportional to exp(−t / τ) with τ being a time constant [6] . According to (1), the change ΔJ(t) = J(t) -J(0 + ) would have been ΔJ(t) = (σ + ε d / dt)ΔE(t). Then, because the time-derivative of exp(−t / τ) is proportional to exp(−t / τ), ΔJ(t) would have been proportional to ΔE(t). The proportionality causes the approximate steady-state for the electric field to be reached at the same time as that of the polarization current density.
The proportionality between ΔE(t) and ΔJ(t) is destroyed if the conductivities are not constant. This is because the timedependence of ΔE(t) is then generally not exp(−t / τ). The same is the case if dielectric the response functions are nonzero. Moreover, with nonzero dielectric response functions, the convolution term from (1) needs to be included in the expression for ΔJ(t). Also this destroys the proportionality.
We cannot verify the electric field calculations by measuring the electric field directly. However, the polarization current density is calculated using the same theory and the same input as are used when the electric field is calculated. This implies that if the calculated electric fields are correct, the calculated polarization current is expected to equal the measured current. Thus, the close match between the calculated and measured polarization current densities presented in Figure 6 strongly supports the validity of the calculations. However, resemblance between calculated and measured total current density is only an indication, not a proof, that the calculated electric fields are correct. In some cases, the effect of uncertainties in the input dielectric response functions for the two materials can add to each other in the electric field calculations, while they to some extent cancel each other in the current calculations [3] .
A known difficulty with DC current measurements is fluctuations due to impurities in the liquid and the conditions at the electrodes [13] , [14] . This impairs the repeatability of the measurements of both DC conductivity [14] and the dielectric response function in oil. This uncertainty is demonstrated by the large variation in the measured values of conductivity of oil compared to that of paper ( Figure 3 ).
It was assumed that the dielectric response functions were independent of the electric field strength. This assumption is supported by results presented in [11] , where the dielectric response of oil-impregnated cable insulation paper was studied at electric fields between 20 and 60 kV/mm at a temperature of 295 K. It was found that the dependence on the electric field could be disregarded under those conditions.
Conclusion
It is possible to estimate the electric fields and polarization current density in a series connection of paper and oil based on dielectric response theory and measurements on the separate materials. The quality of the such estimations can to some extent be verified by comparing the calculated polarization current density with the measured polarization current in the external circuit.
The approximate steady-state, here defined as when 90 % or of the change from the initial values to the steady-state values has occurred, is reached at different times for the electric field and for the polarization current density. This is partially due to the paper conductivity not being constant, and partially due to the slow polarization mechanisms. project number 256405 within the ENERGIX program of The Research Council of Norway.
